Mechanism of terahertz (THz) pulse generation in gases irradiated by ultrashort laser pulses is investigated theoretically. Quasi-static transverse currents produced by laser field ionization of gases and the longitudinal modulation in formed plasmas are responsible for the THz emission at the electron plasma frequency, as demonstrated by particlein-cell simulations including field ionization. The THz field amplitude scales linearly with the laser amplitude, which, however, holds only when the latter is at a moderate level. To overcome this limitation, we propose a scheme using chirped laser pulses irradiating on tenuous gas or plasma targets, which can generate THz pulses with amplitude 10-100 times larger than that from the well-known two-color laser scheme, enabling one to obtain THz field up to 10MV/cm with incident laser at ∼ 10 16 W/cm 2 . 
Introduction
Intense THz pulses with the field strength up to MV/cm or beyond are expected to be important for nonperturbative THz electro-optics, nonlinear THz spectroscopies, THz extreme nonlinear physics in condensed matters, semiconductors, and nanostructured materials, etc. [1, 2] , which are mostly unexplored. Such THz pulses are usually obtained from accelerator-based sources, which are still limited by the bandwidth, peak intensity, waveform, as well as the availability to most users. Therefore table-top intense THz sources are attracting significant attention recently. For example, it is found that strong THz radiation can be produced from the laser wakefield in inhomogeneous plasmas by linear mode conversion [3, 4] or from the transition radiation at plasma-vacuum boundaries using ultrashort electron bunches [5] . THz emission can also be produced from tenuous gas targets irradiated with ultrashort laser pulses, which can be realized even using moderately intense laser pulses [6, 7, 8, 9, 10, 11] . Actually Hamster et al. observed electromagnetic (EM) emission with the same frequency as the electron plasma frequency ω p (around the THz frequency for a plasma electron density n e = m e ω 2 p /4πe 2 = 1.2 × 10 16 cm −3 ) when irradiating helium gas with ultrashort laser pulses in 1993 [12] . In 2000, Cook et al. proposed and demonstrated that THz pulses can be generated efficiently when two laser pulses (with one at fundamental and another at the second-harmonic) co-propagate in air [6] . Several authors attributed this THz pulse generation to four-wave rectification [6, 7, 8, 9] , and among of them Kress et al. found plasma formation is necessary for this THz emission [7] . D'Amico et al. proposed the transition-Cherenkov emission from the plasma space charge moving behind the ionization front at light velocity [10, 11] . Recently, Kim et al. [13] and Wu et al. [14] have suggested that transverse drift currents excited by symmetry-broken laser field ionization of gases are responsible for this THz emission. However, their photocurrent model cannot explain the THz emission frequencies and holds only at moderate laser intensity. Whereas to get multi-MV/cm THz pulses, one has to invoke strong laser pulses. Under high laser intensity, the ionization can be completed within 1-2 laser cycles and in this case the dependence of THz pulse intensity on laser pulse intensity is still unclear.
In this paper we present an analytical model describing the mechanism of the THz emission in gases irradiated by high intensity lasers and propose a new scheme generating strong THz pulses by use of chirped laser pulses. It is found that the quasi-static transverse drift currents formed during the field ionization process and sequently modulated by formed plasmas in the longitudinal direction are responsible for the THz-wave generation with the frequency ω p . The THz wave amplitude is proportional to the drift currents dominated by uncontrollable field ionization of gases for either one-color or two-color lasers. Therefore, the THz wave amplitude is not strengthened monotonically with growing laser amplitude for intense lasers. If one takes chirped laser pulses, however, drift currents can be excited efficiently due to the asymmetric field in each laser cycle and the obtained THz wave amplitude can scale linearly with the incident laser amplitude.
Theoretical model
Interaction of ultrashort laser pulses with tenuous gases includes laser field ionization of gases and the interaction of the laser pulses with formed plasmas. The laser field ionization rates can be calculated by the ADK formula [15, 16] . For free electrons, they follow the equation of motion given by
where v ⊥ is transverse electron velocity normalized by c, a L is laser vector potential normalized by m e c 2 /e. Assume the initial velocity of all newly born free electrons is zero and the jth electron is born at place of x j0 and time of t j0 . Then the transverse velocity of the electron is
) in a plane laser field. The average transverse velocity at x and t is given by
where
N is the total electron number at x and t, and a L (x 0 ,t 0 ) should be a function of x − ct. Assume the ionization stops at x f where laser pulses have left or gas atoms have been ionized completely. Then all a L (x 0 ,t 0 ) at x < x f should be statistically the same and therefore quasi-static transverse currents are formed in the wake of the laser pulses.
When laser pulses just leave x at t = x/c, the transverse velocity of all free electrons at x is assumed to be − a L (x 0 ,t 0 ) . At t > x/c, the electron velocity v ⊥ = δ a − a L (x 0 ,t 0 ) , where δ a is the vector potential of newly generated EM waves (THz waves). Here we have assumed δ a = 0 at t < x/c since the newly generated EM wave wavelength is much larger than the laser duration, which will be seen below. Thus, the wave equation of newly generated EM waves in plasmas is given by
where ω 2 p = 4πe 2 n e /m e , the formed plasma electron density n e is assumed to be uniform since we only consider the case with plasma wavelength λ p = 2πc/ω p λ 0 and |δ a| 1. Solving Eq. (3) by the Laplace transform, one can obtain
} cannot be performed analytically, but it is known that the first term in the exponent represents the propagation effect along the x-direction and the second term means the decaying effect. Equation (4) shows that the THz field E ∝ ∂ δ a/∂t ∝ ω p , i.e., the square root of the plasma density. It also shows that the newly generated EM waves include both ω p and 0−frequency components and have the same polarization as the incident pulses. When the target has a gas-vacuum boundary, the ω p -frequency part within about λ p near the boundary can penetrate into the vacuum effectively.
The above analysis is applicable for gas targets irradiated by either one-color or two-color laser pulses with normalized amplitude a L < 1. When one-color waves are incident, the THz pulses will be produced very inefficiently and have some characteristics of noise. While twocolor waves are incident, the symmetry of positive and negative half-cycle of the fundamental wave is broken [13] . The two-color-wave ionization causes drift currents in the same direction in every cycle and thus can emit THz pulses more efficiently than with one-color waves. When the target is a fully ionized plasma slab, either one-color or two-color waves are adopted, the net drift current is null, i.e. a L (x 0 ,t 0 ) = 0, and no THz pulses can be generated.
Simulations
To check the above results, we use one-dimensional (1D) particle-in-cell (PIC) simulations [3, 17] . In our PIC code the field ionization of gases is included with tunnelling ionization rates calculated by the ADK formula [15, 16] . For simplicity, only hydrogen gas (H 2 ) is used which generates one kind of plasma density only. A slab target with the gas density n gas = 1.25 × 10 −5 n c and the length L gas = 200λ 0 or 400λ 0 is used starting from x = 500λ 0 , where n c = m e ω 2 0 /4πe 2 is the critical density and ω 0 = 2π/T 0 is the laser frequency. A laser pulse is incident along the +x direction with the vector potential
is pulse duration, a 1 and a 2 are normalized amplitudes for the fundamental and the second-harmonic waves, respectively, and θ is their relative phase. In the following simulations we take L t = 20λ 0 , a 2 = a 1 /2, and θ = π/2. Figure 1 is the spacial distribution of transverse currents. In a preformed plasma, no transverse current is left after the laser. However, in a H 2 target a quasi-static negative transverse current is formed. At a later time the current will have a low-frequency oscillating profile [see Fig. 1(c) ] because of the plasma modulation. It is indicated that ionization of gases is necessary for the THz emission in this case, which agrees with the above analysis.
The temporal and spacial distribution of THz emission is shown in Fig. 2(a) . There are two THz pulses, one going along the +x direction and the other along the −x direction. These THz pulses penetrate into the vacuum and have a waveform with the first cycle strongest, for their current sources within the H 2 plasma decay during radiation. This can be seen more clearly in Fig. 2(b) . Figure 2(b) is the temporal evolution of THz pulses observed at 20λ 0 in front of the left gas-vacuum boundary. Their corresponding spectra are plotted by Fig. 2(c) . One can see that the THz pulses have frequencies of 0.003ω 0 (1THz), 0.005ω 0 , and 0.01ω 0 , equal to their individual ω p . Note that there is the 0−frequency component because of the asymmetry of the positive and negative peaks of the THz pulse. These are consistent with the previous analysis. For moderately intense incident pulses, experiments in Refs. [6, 7, 8, 9, 13] demonstrated that the THz pulse intensity increases almost linearly with incident pulse intensity. For even intense incident pulses, however, it is not clear whether this still holds. By PIC simulations, we are able to study the THz pulse amplitude as a function of incident laser amplitude within a large range. As shown in Fig. 3(a) , at a 1 ≤ 0.06 the THz pulse amplitude increases with growing a 1 . However, when one increases a 1 further, the THz pulse amplitude does not increase with a 1 monotonically. The reason is that when a 1 is very small, the ionization process lasts for many laser cycles [see Fig. 3(b) ] and the produced electron number and the drift current increase with growing a 1 . When a 1 is not small, the ionization process only occurs in the first few cycles and the leading edge of the incident pulse can ionize the gas completely [see Fig. 3(c) ]. The peak part of the pulse or the most intense part has no effect on the birth of free electrons or drift current excitation. This can result in the low efficiency in THz emission. When a 1 is increased further, the actual intensity at the part of the pulse ionizing gas may not grow (the part of the pulse ionizing gas is shifted forwards as shown in Figs. 3(d) and (e)). As a result, the drift current or the THz emission may not strengthen with the increasing laser intensity. Therefore, for intense incident pulses it is difficult to control the born places of electrons and produced drift currents, and consequently the THz amplitude does not scale with a 1 monotonically.
It is noted that our above simulations are given with H 2 . When a complex gas such as a rare gas, molecular nitrogen, or air is taken, the features of the THz emission should be qualitatively the same as the H 2 gas. For the same incident laser pulse and gas density, the THz frequency should change due to the different ionization thresholds existing. It is possible that the drift currents produced by field ionization can distribute in a larger region throughout the laser pulse, and the resulting THz pulses have a broader frequency spectrum as compared with the simple H 2 gas.
Strong THz emission generation by chirped laser pulses
The unfavorable scaling shown above, which results from the ionization of gases in the twocolor scheme, should be overcome in order to achieve high-intensity THz emission. One can adopt another mechanism rather than the field ionization to generate large drift currents which are the key point producing strong THz emission. Here we propose to use a single chirped laser pulse [18] irradiating on a gas or plasma target, so that electrons can get net acceleration in the transverse direction during each laser period. If fixing the chirping value sign of the laser, the net acceleration of electrons will be found in the same direction in all laser periods, which can cause very strong drift currents. After the laser passes, an electron obtains the transverse drift velocity of a L (L t ) − a L (x j0 ,t j0 ) according to Eq. (1), where a L (L t ) is the vector potential of the laser pulse at its trailing edge and a L (x j0 ,t j0 ) is relevant with the ionization process. When a large enough chirping value is taken, |a L (L t )| |a L (x j0 ,t j0 )| for a gas target, which closes to the case in a preformed plasma with a L (x j0 ,t j0 ) ≡ 0. For simplicity, we shall only take plasma targets with a L (L t ) − a L (x j0 ,t j0 ) ≡ a L (L t ) and Eq. (4) holds with substituting a L (L t ) for − a L (x 0 ,t 0 ) in this case. Therefore, obtained THz pulse amplitude will be in proportion with a L (L t ) or the incident laser amplitude.
In order to demonstrate the scheme mentioned above in a simple way, we take the chirped pulse electric field E L =ê z ε L normalized by m e ω 0 c/e, with
where the pulse duration L C t = ( 1 + 4CL 0 t − 1)/2C for the chirping parameter C and L 0 t is the pulse duration at C = 0. For positively-chirped pulses C > 0, L C t < L 0 t and for negatively-chirped pulses C < 0, L C t > L 0 t , when the total period number of laser pulses stays the same at any given C. Taking such chirped pulses, one can easily calculate the net transverse drift velocity Fig.  4(a) . Moreover, compared with the scaling shown in Fig. 3(a) , the THz pulse amplitude found for the chirped pulse with C = −0.024 is as 10-100 times large as that in the two-color scheme for a wide range of the incident laser amplitude. When a 0 = 0.067, the THz amplitude is up to 1MV /cm at the given plasma density of 2.5 × 10 −5 n c , corresponding to the frequency of 1.5 THz.
A two-dimensional (2D) PIC simulation is conducted to illustrate the multi-dimensional properties of the THz emission. We take the initial electron density 4 × 10 −4 n c (corresponding to the frequency of 6 THz), a chirped laser pulse with a 0 = 0.1, the transverse radius of 8λ 0 , and C = −0.024, as well as the simulation box of 800λ 0 × 80λ 0 (in x × y). Figure 4 (b) is spacial distribution of THz pulses. One can see there are two THz pulses generated with one propagating along the +x direction and another along the -x direction. They have a transverse profile like that of the incident laser, which accords with our previous results that the THz pulse amplitude is proportional to the laser amplitude. The emission has a wavelength around λ p = 50λ 0 and it has the highest intensity in the first cycle with amplitude exceeding 7MV /cm. This amplitude is about 4 times of the one in Fig. 4(a) for the same a 0 , which agrees with Eq. (4) that the THz field is proportional to ω p . For the convenience of experimentalists, we rewrite here the 2D simulation parameters with common units that the plasma electron density 4.5 × 10 17 cm −3 , the laser wavelength 800nm, the peak intensity 2.1 × 10 16 W /cm 2 , the transverse radius 6.4μm, the duration 44 f s, and the chirped parameter C = −0.024.
It should be pointed that our 1D and 2D PIC simulation results presented previously have not completely considered propagation effects of light, especially for large distance propagation. In three-dimensional cases, the produced THz pulse and the laser pulse can evolve completely. The laser pulse may experience self-focusing provided the critical power P cr [19, 20] is exceeded, while the THz pulse may spread very quickly due to small sport size comparable to the THz wavelength. As a result, the linear scaling of the THz emission amplitude with the initial incident laser amplitude could be deviated.
Conclusion
In conclusion, we have studied the mechanism of THz pulse generation from gas targets irradiated by ultrashort intense laser pulses. The quasi-static transverse currents created by laser field ionization and sequent modulation in formed plasmas are responsible for the THz emission. In the well-studied two-color laser scheme, it is found that the THz pulse amplitude scales linearly with the incident laser amplitude only when the latter is moderately large. This presents a significant limitation for the generation high power THz emission over the field strength of MV /cm, necessary for high field THz physics. To overcome this, we propose to use chirped laser pulses, with which even strong THz pulses can be generated with amplitudes scaling linearly with the laser amplitude.
